ABSTRACT
INTRODUCTION
Radioimmunotherapy (RIT) for lymphoma is presently optimized for treating macroscopic tumors. However, many patients have microscopic disease and virtually all patients diagnosed with the most common type of lymphoma, chronic lymphocytic leukemia (CLL), have many single tumor cells circulating in the blood. The latter group makes up approximately 25% of all diagnosed lymphomas. 1 The tumor manifestations in the very same lymphoma patient can range in size from more than one liter down to the volume of one single cell.
RIT for lymphoma is presently optimized for treating macroscopic tumors. However, many patients have microscopic disease or disease only assessable by polymerase chain reaction (PCR). Patients diagnosed with the most common type of lymphoma, CLL, have, by definition, disease involvement of the blood and a lymphocyte count larger than 10 ϫ 10 9 (although a diagnosis of CLL is possible with a number of lymphocytes less than 10 ϫ 10 9 ). 2 CLL makes up approximately 25% of all diagnosed lymphomas. 1 The tumor manifestations in the very same lymphoma patient can thus range in size from a single cell to up to masses of more than 5 cm in diameter.
There are two Food and Drug Administration (FDA)-approved radiopharmaceuticals for the treatment of lymphoma, Zevalin and Bexxar. Zevalin uses an antibody labeled with 90 Y and a long-range electron-emitter (maximum beta energy of 2.28 MeV, with a maximum range in water of 11 mm) whereas Bexxar, an antibody labeled with 131 I, is a medium-range electronemitter (maximum beta energy of 0.606 MeV, with a maximum range in water of 2.3 mm). Previous theoretic studies have shown the existence of an optimal relationship between electron range, tumor radius, and tumour control probability, 3, 4 (i.e., not only large tumors, but also smaller tumor deposits have a lower probability of becoming eradicated). A clinical observation compatible with this notion is the report by Kaminski et al. 5 that relapse often solely occurs in sites that are not previously known to have a lymphoma involvement. Interestingly, a highly significant difference in remission rate between rituximab and Zevalin did not translate into a difference in time-to-treatment failure, 6 as might have been expected based on the correlation between response and the duration of response in the pivotal study of rituximab. 7 The high energy of ␤-particles from 90 Y and 131 I make them less suitable for the treatment of single cells, and the reported conversion of PCR positivity to PCR negativity following RIT may be a result of mechanisms of action other than targeted RIT. 8 The shorter the electron range, the more important the uptake pattern is on a cellular level for delivering the cell a lethal absorbed dose. There exist two groups of monoclonal antibodies (MAbs) considering the cellular spatial distribution: non-and internalizing MAbs. A noninternalizing MAb binds to the receptors on the cell surface and stays there, where an internalizing MAb is transferred into the cell cytoplasm, the lysosomes, after binding to the receptors on the cell surface. The CD20-targeting MAbs used in Zevalin and Bexxar are both examples of noninternalizing MAbs (ibritumomab in the case of Zevalin and tositumomab in the case of Bexxar). 9 An example of an internalizing MAb for lymphomas is the humanized CD22-targeting epratuzumab (hLL2). 10 Therefore, the aim of this study was an enquiry into single-cell dosimetry, which is necessary for the optimization of RIT targeting of single cells or small deposits of lymphoma. The Medical Internal Radiation Dose (MIRD) scheme 11, 12 with Monte Carlo-evaluated S-values (the absorbed dose to the target per decay in the source) in combination with a realistic kinetic distribution on a cellular level of a radioimmunoconjugate, was applied to calculate the absorbed dose and the absorbed dose rate, which were the parameters that served as a basis for a development of the current RIT of lymphoma patients. This is the first time, to the authors' knowledge, that single-cell dosimetry, including subcellular pharmacokinetics, has been applied to clinically relevant data.
METHODS

Generation of Cellular S-Values and Dose Volume Histograms
The characteristics of single lymphoma B-cells circulating in the blood were assumed to equal the ones for Raji cells, which is a cell line commonly used as a model for lymphomas. All cells were assumed to be spherical, with radii of 6.35, 7.7, and 9.05 m, which corresponds to the size of a Raji cell, which measures 7.7 Ϯ 1.35 m. 13 The radius of the cellular nucleus was assumed to be 75% of the cellular radius for all cell sizes. Either the whole cell, cell surface, or the cytoplasm was considered as source regions for the decays. The later two configurations were chosen to mimic either a noninternalizing radioimmunoconjugate, uniformly distributed on the cellular surface or an internalizing radioimmunoconjugate, uniformly distributed in the cytoplasm. Two target regions were considered, either the whole cell or the cellular nucleus. Electrons of initial energies (18, 28, and 190 keV) were used in Monte Carlo simulations. These three electron energies correspond to the mean electron energy per decay for three iodine radionuclides (18 keV for 125 I, 28 keV for 123 I, and 190 keV for 131 I). The mean electron energy per decay were calculated as the sum of all the emitted electron energies weighted by their probability of emissions. Details on the characteristics of the radionuclides can be seen in Table 1 . Emitted photons were neglected for the dosimetry on the cellular level.
The Monte Carlo code MC4 14, 15 was used for simulating stochastic tracks of electrons with initial energies of 18, 28, and 190 keV in a unit density water medium. Calculations have been performed over ϳ10,000 primary electrons. The statistical uncertainty of the mean values was estimated to be of less than a few percent. The point of origin for each primary electron was distributed randomly (proportional to the volume mass) inside the cell (uniform distribution), the cell cytoplasm, or the cell surface. To keep computational time at practical levels the detailed (eventby-event) simulation scheme was restricted to electrons with kinetic energies below 10 keV, whereas a condensed-history scheme was employed at higher energies. All electrons (primary and secondaries) were followed down to threshold (ϳ10 eV). A discussion of the cross-section input with an emphasis on recent developments is provided elsewhere. 16, 17 The condensed history scheme employed simulates elastic collisions in a detailed manner, according to their total and differential cross-sections, whereas energy losses between elastic events are given by the unrestricted stopping power and the continuous slowing down approximation (csda). By this method, the stochastics of angular deflection are still largely preserved, providing a somewhat realistic approximation of the spread-out pattern of the track. Because the csda scheme ignores the finite range of energetic secondaries (␦-rays) that may be capable of escaping the cell volume, we have also implemented a mixed-transport scheme to test this effect. That is, in the condensed-history domain (Ͼ10 keV), the production of hard secondaries with energies above 1 keV was individually simulated according to total and differential cross-sections, whereas a restricted-csda scheme was used for the soft energy loss events. The influence of those ␦-rays to our results was found to be noticable (ϳ5%-10%) only in the 190-keV case and the smallest cell volumes examined. As will become apparent in the Results section below, this level of discrepancy has no impact on the conclusions of this work. Thus, owing to the much higher running times required for the mixed transport scheme, the simpler csda scheme was chosen as above 10 keV.
MC4 in its hybrid scheme was used to generate S-values, S(target ǟ source) and dose volume histograms (DVHs) for three cell radii (6.35, 7.7, and 9.05 m), six target ǟ source combina-
and N ǟ CY), and three electron energies (18, 28, and 190 keV) . For benchmarking the application of our code to the present problem, we performed simulations for electrons of 1, 10, 100, and 200 keV for spheres of a 5-and 10-m radius and obtained S(C ǟ C) values that differed by only a few percent from those provided by the MIRD Committee. 18 
Dosimetry for Single-Tumor B-Cells
The self-absorbed dose and the self-absorbed dose rate were calculated for single B-cells. The MIRD scheme was applied. The cumulated activity for a B-cell was calculated assuming different kinetics for both non-and internalizing MAbs. The noninternalizing radioimmunoconjugate was assumed to bind to the receptors immediately after the administration and remained bound. One hundred and twenty-eight thousand (128,000) receptors were assumed to be present on each cell surface. 19 The internalizing radioimmunoconjugate was assumed to be internalized at a rate of 10 millions of receptors during the first 24 hours after injection. 20 It was also assumed that the iodine stayed in the cell once it was internalized, which is a reasonable assumption for a residualizing radiolabel. 21 The specific activities (number of atoms per MAb) for the radioimmunoconjugates were recalculated from the specific activity for the residualizing labeling method for 125 I developed by Govindan et al. (0.76 atoms/Mab). 22 This corresponds to 45 GBq/mg MAb for 123 I, 410 MBq/mg MAb for 125 I, and 3 GBq/mg MAb for 131 I. All available binding sites at the cellular surface were assumed to be saturated, which has been shown to be true in vivo for CD19 Ϫ . 23 The cross-absorbed dose to blood circulating single B-cells was estimated by calculating the mean absorbed dose to the blood under an assumption of a uniform spatial distribution of the activity in the blood. The absorbed dose to the blood was estimated by assuming the total radiation equilibrium (emitted energy equals absorbed energy at any point in space). The maximum activity concentration in the blood was calculated based on the number of B-cells in the blood, the number of receptors on the cell surface, and the specific activity of the radiopharmaceutical.
Whole-Body Dosimetry
The MIRD scheme was applied for whole-body dosimetry. A maximum activity present in the whole body was calculated based on the maximum uptake to each B-cell and the total number of B-cells in the body (1*10 7 B-cells/mL of blood, with a total blood volume of 5 L). However, the absorbed dose to the whole body was constrained to be equal to or less than 0.5 Gy, and the maximum activity to administer for all the radiopharmaceuticals was based on this constraint. Human MAbs circulating in the blood have a biologic half-life of approximately 3 weeks. However, because it was assumed that all MAbs did bind to tumor cells, no biologic clearance of the radiopharmaceutical (only the physical decay of the radionuclide) was assumed. Svalues for the adult male phantom were taken from the RADAR website (www.doseinforadar.com/RADARphan.html). 24 
RESULTS
Absorbed fractions and S-values for the three electron energies/iodine radionuclides (18 keV/ 125 I, 28 keV/ 123 I, and 190 keV/ 131 I) can be seen in Table 2 for six target ǟ source configurations (C ǟ C, C ǟ CS, C ǟ CY, N ǟ C, N ǟ CS, and N ǟ CY) and three cellular radii (6.35, 7.7, and 9.05 m). The S-value for a source distribution on the cell surface is always less than if the source is distributed in the cytoplasm. The Svalues decrease with an increase in both cell size and electron energy. Because the above combination of energies and cell dimensions are not included in the MIRD cellular S-value tabulation, 18 we also performed analytic calculations of S-values based on Cole's energy-range formula following the MIRD methodology. 18 Deviations between the Monte Carlo and analytic calculations were less than 10% at 18 and 190 keV, and reached up to 20% at 28 keV (the largest discrepancies being found when the nucleus was the target). Figure 1 shows the effect of cell size on the differential DVHs for a uniform activity distribution in a cell with a radius of 7.7 m for the three electron energies. The importance of the cell size increases as the electron energy decreases. A small cell has a higher mean value of the absorbed dose than a larger cell, but the distribution is wider. Also, with decreasing electron energy, the mean value and the width of the distribution both increase. The effects of different activity distributions in the cell on the differential DVH is shown in Figure 2 . The subcellular distribution of the activity is not important for the 190-keV electrons. For 18-and 28-keV electrons, the distribution in the absorbed dose is narrower for activity in the cytoplasm than for activity distributed in the cell and at the cell surface. In particular, with decreasing electron energy, the spatial distribution of activity has a higher impact on the distribution of absorbed dose within the cell volume.
The administered activity required to deliver an absorbed dose to the whole body of 0.5 Gy was calculated to be 33 GBq for 123 I, 590 MBq for 125 I, and 700 MBq for 131 I.
The self-absorbed dose to a cell and a cell nucleus when the injected activity is restricted to give a maximal absorbed dose to the whole body of 0.5 Gy for non-and internalizing MAbs, as well as the maximal self-absorbed dose, is presented in Table 3 . The highest absorbed dose to both the cell and the cell nucleus is delivered by 125 I and the lowest by 131 I for all source distributions, except for the case of 125 I distributed on the cell surface of the largest cell radius (9.05 m). The mean absorbed dose on a cellular level is always constrained by the maximal absorbed dose to the whole body. The absorbed dose for an internalizing MAb and 123 I is limited by the combination of the uptake phase of the radiopharmaceutical and the very short physical halflife (13 hours). The ratio of the maximal absorbed dose for an internalizing MAb and a noninternalizing MAb is approximately 100 for the three radionuclides and is a result of the limited number of receptors on the cell surface. There is an accumulation process of the internalizing MAb within the cell that is not present for a noninternalizing MAb. The size of the cross-absorbed dose was estimated to be negligible, compared to the self-absorbed dose (Ͻ1*10 Ϫ4 of the self-absorbed dose).
The absorbed dose rate depends on both the energy of emitted electrons and the half-life of the radionuclide (if the pharmacokinetics are assumed to be the same), which make the patterns of the absorbed dose rates as a function of time for the three iodine isotopes differ significantly, as can be seen in Figure 3 . The maximum absorbed dose rate to the cell for a uniform activity distribution in the cell differs by nearly two orders of magnitude, with the lowest being for 131 I (0.006 Gy/hour) and the highest being for 361 Table 2A . Absorbed Fractions and S-Values for the Whole Cell as Target-Region and the Cell (C ← C), Cell Surface (C ← CS), and Cytoplasm (C ← CY) as Source-Regions for Three Electron Energies (18, 28, and 190 keV) and Three Cell Radii (6.35, 7.7, and 9.05 m) 
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istration of an internalized, surface-bound radioimmunoconjugate labeled to 123 I, 125 I, and 131 I is presented in Figure 4 . The absorbed dose rate on the cellular level in Figure 4 is based on an administered activity that gives a maximal absorbed dose of 0.5 Gy to the whole body.
DISCUSSION
In all the experimental studies that we are aware of, Auger emitters were therapeutically superior to ␤-emitters when taken to the maximum tolerated activity (MTA). [25] [26] [27] One of the Auger emitters that more easily may be taken to the clinic is 125 I, which is easy to label and also has the theoretic advantage of having a comparably high percentage of its energy emitted as electrons. In this work, the single absorbed dose from 125 I was compared to the one from 123 I and 131 I, which is a label used for RIT. It may be possible to give a significantly higher activity/absorbed dose with 125 I than 131 I, which is indicated by a study in which the MTA was not reached at 13 GBq/m 2 . 28 Interestingly, in an experimental model, the MTA was 10 times higher for 125 I than for 131 I. 25 This study showed that 125 I-labeled MAbs give a higher absorbed dose on a cellular level than 123 I and 131 I. The absorbed dose received from a noninternalizing MAb for 125 I is approximately a factor of two greater than the absorbed dose for 123 I (Table 3) when the administered activity is restricted by the whole-body absorbed dose of 0.5 Gy. However, the absorbed dose rate is nearly a magnitude greater for 123 I than for 125 I (Fig. 3) . Even if there were an approximate 10-fold difference in dose rate, the importance of it would be unclear. On the contrary, a clear relationship between administered activity and response in terms of survival has been shown in an animal model of RIT of B-cell lymphoma. 29 The DVHs in Figure 2 show that the choice of combination of electron energy and internalizing or noninternalizing radioimmunoconjugate only is of importance for the lower electron energies (18 and 28 keV) . When the injected activity is restricted by a fixed whole-body absorbed dose, these calculations show that the absorbed dose to a cell or cell nucleus from 123 I, unlike that from 125 I and 113 I, depends on whether the antibody is internalized (Table 3) . If the injected activity could be increased, that is, if it is not restricted by bone marrow toxicity or it may be circumvented by stem-cell support, the results in Table 3 show that the use of an internalizing MAb is superior to a noninternalizing MAb, assuming the high number of internalized antibodies. These calculations also show that an increase in specific activity may be of more importance for a noninternalizing MAb, as the number of receptors on the cell surface otherwise would limit the absorbed dose. This is of a particular interest if the patient has a very low receptor expression per cell. The number of radiolabeled MAbs in the cytoplasm of each cell for an internalizing radioimmunoconjugate would be quite high, even with a low receptor expression on the cell surface and it is more likely that the injected activity is limiting the uptake on the cellular level. The maximum absorbed dose per cell is very dependent on a high specific activity, whereas the mean absorbed dose is limited by the administered activity.
In this work, a number of assumptions were made. First, the receptors on the cell surface and the amount of internalization of the radioimmunoconjugate were assumed to not vary with the cellular size, which had the consequence that larger cells may have had a somewhat false low absorbed dose for a given radionuclide. Furthermore, the presumed number of cell-surface receptors for non-internalized antibodies was not overestimated but may be somewhat low, in view of what has been published for CD52. 30 The distribution of cell sizes in a patient would probably be larger, assuming a patient had follicular lymphoma, than for Raji cells, which we used as a basis for these calculations; also, for each cell size, there would be a distribution of the size of the nucleus, which also would affect the absorbed dose. Finally, all S-values were simulated with the cell nucleus at the center of the cell, which is often not true for a B-cell, which often would have its nucleus paracentrally located.
CONCLUSIONS
This study showed that 131 I, the iodine isotope that is currently the most widely used for RIT, gave the lowest absorbed dose and absorbed dose rate on a cellular level of the iodine isotopes that were investigated. 125 I gave the highest absorbed dose, whereas 123 I gave the highest absorbed dose rate. The maximal absorbed dose to a cell would be restricted by the whole-body absorbed dose (and thus by the administered activity). Internalizing antibodies are better combined with 125 I with its longer half-life.
